In hydrocarbon exploration, wave-equation migration techniques play an important role in imaging the complex geological structures. Usually, post-stack migration scheme is applied to the seismic data to improve the resolution with restoration of dipping reflectors to their true position. As a result, the migrated time sections are interpretable in terms of subsurface features. As a numerical study, three fault models are considered for the present study. First of all, synthetic time sections are generated corresponding to three models. Later, post stack migration schemes such as Gazdag(PS), Phase-shift with turning rays and reverse time migration (T-K) domain techniques are applied in order to judge the imaging accuracy, preservation of true amplitude and computational speed. All the three post stack time migrated sections delineate the structure with their throw. However, the reverse time migrations (T-K) clearly delineate the reflectors in restoring the throw properly with minimum computational time. In order to test the validity the numerical results, similar exercise has been undertaken using field seismic data of KG basin, India. The results indicates that the field migrated sections are imaged. But, the reverse time migration (T-K ) provides the best subsurface image with restoration of reflectors and collapse of diffracted events with least computational time. Gazdag (PS) and Phase-Shift with turning migrated section shows the reduction of amplitude whereas, the reverse time migration preserved the amplitude fully.
Introduction
Usually time sections are interpreted directly in terms of subsurface geometry. However, the interpretation can be misleading in areas of complex geology and beds with high dip angle. An un-migrated time section provides an apparent subsurface image which becomes increasingly distorted with increasing dip angle of the reflector. To overcome this problem, migration of seismic data is essential. The stack migration technique is one of the processing sequences normally applied to the seismc data to generate a time section eqiuavalent to true subsurface geological configuration. In the beginning, migration was performed on singlestacked trace by a graphical and mechanical method using Hagedorn's method up to the late 1960s [1] . With the availability of the digital computer in the 1960s and acquisition of multi-fold seismic data, the automatic migration technique was made possible around 1970, based on Hagedoorn's concept of a surface of maximum convexity. Then, the diffraction stack migration method was introduced for steep dip reflection data [2] . Several major developments took place in the late 1970s. Subsequently, Hagedoorn's ray theory concept was replaced by wave theory in migration by [3] . This led to the development of finite-difference migration based on the scalar wave equation. Later, a new technique was suggested called the frequency-wave number method, based on wave theory concept [4] . Later, the phase-shift migration technique was developed based on frequency-wave number domain [5] . This is further improved upon by Phase-Shift Plus Interpolation (PSPI) migration, incorporating the effect of lateral velocity variations [6] . Then, the finite difference method was introduced for migration particularly efficient in the time-wave number domain [7] . Further, this approach was used and developed with the reverse time migration in (T-K) domain [8] . Presently, the reverse time migration (T-K) domain is used in commercial software like Promax because of its computational speed. With advancement in imaging techniques, Split-Step Fourier migration was developed to handle strong lateral variations in velocity [4] . This is followed by the Fourier Finite Difference (FFD) migration scheme, which was developed to enhance the imaging accuracy [9] . In hydrocarbon exploration, the stack migration techniques are applied extensively in imaging of the subsurface features associated with structural traps such as faults, anticlines, diapirs and stratigraphic traps like wedge-out, reef and unconformity. Usually these geological structures are complex in nature which cannot be imaged easily, due to special characteristics of structural or stratigraphic complexities [10] . In these complex situations, the unmigrated seismic section cannot provide a reliable interpretation of the subsurface. As a day to day processing of CDP reflection data, post-stack migration is preferred as a processing tool to generate a stack time section equivalent to true subsurface geological configurations. To understand the complex behaviour of reflections, synthetic models have been generated and widely used to test the migration algorithm. Some of these examples include the SEG/ EAGE 3D salt/overthrust model and Marmousi 2D model [11, 12] . The Society of Exploration Geophysicists Advanced Modeling Program (SEAM) is an example of a similar study [13] . In this present study, Gazdag (Phase-Shift), Gazdag (Phase-Shift with turning ray) and reverse time migration (T-K) domain methods are implemented on synthetic seismic data associated with fault structures. Later, these techniques also are applied to field data of the KrishnaGodavari (KG basin. The purpose of implementing these migration techniques is to study the imaging accuracy, computational speed and preservation of true amplitude.
Mathematical background of Gazdag(PS) and PS with turning rays and reverse time migration(T-K)
When lateral variations in migration velocity are insignificant, the most accurate and efficient migration methods are those that migrate each wavenumber independently. After Fourier transforming the seismic wavefield p(t, x) from the horizontal spatial dimension x to wavenumber k, the transformed wavefield P(t, k) for each k may be regarded as a function of time t only. P(t, k) may then be migrated, independently for each k to obtain a function Q(τ, k) of migrated (vertical, two-way) time τ . Finally, Q(τ, k) may be Fourier transformed from k to x to obtain the migrated section q(τ, x).
Perhaps the most compelling feature of this wavenumberby-wavenumber approach is its simple and efficient extension to 3-D seismic data. The central function that migrates the wavefield for one wavenumber is identical for both 2-D and 3-D data. Migration for a single wavenumber is based on a wave equation, such as the acoustic wave equation:
where ρ denotes density, v denotes velocity, and f = f (t, z, x) denotes pressure. Assuming that density and velocity vary with depth only, Fourier transforms this equation from x to k to obtain:
To reduce spurious reflections in migration caused by rapid variations in migration velocity with depth, [11] Baysal et al. (1984) suggested a constant-impedance form of the acoustic wave equation. This form is easily obtained by assuming that impedance ρv is constant in equation (2):
Use of this "non-reflecting" wave equation eliminates reflections due to rapid variations in migration velocity for waves traveling vertically. However, it does not entirely eliminate such reflections for waves propagating at other angles (e.g., those waves used to image steep structures). Therefore, the migration velocity function v = v(z) must be smooth over a seismic wavelength so that the derivative of velocity in equation (3) is insignificant. A simpler version of equation (3) may be obtained by defining migrated (vertical) time
This change of variables from depth z to migrated time τ yields
Migration of stacked seismic data is typically based on the exploding reflectors concept (e.g., [14] Claerbout, 1985, 1-14) . Let the seismic wavefield P(t, k) provide the boundary condition F(t, τ = 0, k) = P(t, k), and use equation (5) to compute the wavefield F(t, τ, k) for all τ, to then extract the migrated image Q(τ, k) = F(t = 0, τ, k). Imaging at time t = 0 is a consequence of the exploding reflectors principle, which requires that the migration velocities v = v(τ) in equations (4) and (5) be halved to account for the two-way propagation of seismic waves, both to and from reflectors:
Because migration velocities are independent of time t, others have proposed a Fourier transform of equation (6) from time t to frequency ω [5] :
where
is the cosine of the propagation angle for non-evanescent waves. The phase-shift method for migration [5] is based on the following approximate solution to the ordinary differential equation (8):
(10) Combine this approximate solution with the exploding reflectors principle (that reflectors are imaged at time t = 0) to obtain phase-shift migration for one wavenumber k:
The rightmost integral in equation (11) is a Fourier transform from time t to frequency ω. After this Fourier transform, the leftmost integral is evaluated for every migrated time τ. As an alternative to a better phase-shift migration in the frequency-wavenumber domain, this paper advocates migration in the time-wavenumber domain. As shown below, Finite difference method for migration is particularly efficient in this domain [7] . Although this finite difference method, unlike the phase-shift method, requires approximations to wavefield derivatives, unlike the phase-shift method, the errors in these approximations are well understood and easily controlled.
Use this change of variables to transform the wave equation (6) into
. This transformation both simplifies and improves the accuracy of finitedifference solutions to the wave equation, as demonstrated by Li (1986) . The Crank-Nicolson approximation of the partial derivatives in equation (14) results in the following finitedifference equation:
where G j1 j2 represents G(j1∆t, j2∆t) and ∆t is the sampling interval. Here all time sampling intervals are equal; i.e., ∆t 1 = ∆t 2 = ∆τ = ∆t. Equation (15) may be simplified easily to obtain
where the finite-difference coefficient c is defined by
Because velocity v is specified as a function of migrated
, c also varies as a function of (t 1 + t 2 )/2.
Numerical Examples
All the structural traps such as anticline and salt dome are usually associated with faults. These faults may be normal, reverse or thrust faults. The normal faults are created due to an extensional regime. The distribution of the various classes of fault is controlled in large part by plate tectonic settings. In case of reverse fault and thrust fault, common structures along convergent margins are orogenic belts, while normal fault/step faults commonly dominate where continental plates are splitting apart (e.g., the East African Rift and along mid-oceanic ridges). This also was formed in deltas, sedimentary basins, rift basins, passive margins, and hinge area syncline folds. Normally, reverse faults are recognized in deltas where compression regimes are like subduction zones. Deltas, passive margins and rift basins are potential targets for hydrocarbon exploration. In this present study, frequency wave number (F-K) domain migration methods such as the Gazdag (PS), Phase-Shift with turning ray and reverse time migration (T-K) domain techniques have been applied on the generated zero-offset sections. A comparison study has been undertaken to judge the imaging accuracy, speed and preservation of amplitude of the three migrated techniques. For this purpose, three models are considered such as reverse fault, thrust fault and step fault. Usually, these types of geological fault structures are suitable for oil and gas entrapment. Figure 1(a) represents the zero-offset seismic section over a reverse fault model. The model consists of one horizontal and one gently dipping reflector. This is followed by the fault structure. A noticeable change has been observed over the migrated sections with restoration of faults. Significant diffraction events also are collapsed. However, the amplitudes are not preserved properly. Subsequently, the reverse time migration (t − k) domain has been applied to the zero-offset section. 
Model 1

Application to field data
A similar exercise has been extended to a field seismic stacked section over Krishna-Godavari (KG) basin, India. The field stack section consists of 1233 traces with trace spacing of 12.5 m. The length of this time section is around 15.40 km. The field seismic data is associated with numerous faults in making the geological structure complex. The un-migrated time section (Figure 5a ) indicates strong diffraction events over the edges of the folded and faulted segments. In order to image the field seismic data over a complex fault structure, three migration schemes have been applied.
Geological setting of the study area
The Krishna Godavari basin is one of the country's most promising petroliferous basins, with feasible and commercial accumulation of hydrocarbons on land and offshore. This basin is located along a classic passive-margin setting that extends more than 200 km from the coast into the deep sea [14] . Sediment thickness in KG basin varies from 3 to 5 km in the onshore region and may exceed 8 km in the offshore region [15] . The bathymetry, rate of sedimentation, sediment thickness, geothermal gradient, seafloor temperature, and total organic carbon content indicate that the KG basin has a high potential for gas hydrates also [16] . Recently acquired multichannel seismic (MCS) data also show bottom-simulating reflector (BSR) signatures of gas-hydrates in the KG basin [17] . Figure 5 (a) represents a stacked time section (un-migrated) of KG basin. As part of the study, three time migration techniques, namely Gazdag (PS) and Phase-Shift with turning rays and reverse time migration (T − K) domain techniques are applied to the field data. In order to show the migration effects, the zoomed version of the sections (rectangular box) is presented. Figure 5 (b) shows the corresponding migrated section using Gazdag (PS) migration. Notable change can be observed, in that diffractions are partly collapsed and the reflectors become clearly visible with less numerical artifacts. Figure 5 (c) shows the corresponding migrated section using reverse time migration in T − K domain. Noticeable change is observed in this section with complete collapse of diffraction. The geological structure associated with faults is clearly delineated with restoration of amplitudes. No significant noise is seen in a reverse time migrated section in the form of numerical artifacts compared to Gazdag (PS) and Phase-Shift with turning rays migrations, but numerical artifacts are seen to some extent. Figure 5 (d) shows the corresponding migrated section using Phase-Shift with turning rays migration. It results in the notable change of diffractions that are partially reduced and reflectors which become clearly visible, but numerical artifacts are still seen in some extent.
In this study, we compared the above three migration techniques on the basis of their computational speed. The computational speed is very important for migration in order to judge the efficiency (shown in Table 1 ).
Conclusions
1. Reverse time (T-K) migration is able to delineate the reflector structures properly with complete collapse of diffraction for all the three models, whereas, Gazdag (PS) and Phase-Shift with turning rays migration methods is not able to image the reflectors properly with presence of significant diffraction noise. 2. Amplitude could not be improved significantly in all three models with corresponding migrated time sections based on Gazdag (PS) and Phase-Shift with turning rays techniques. But, reverse time migration (T-K) domain is able to preserve the amplitude for all the three models. 3. A similar exercise has been carried out using field seismic data of KG basin. Out of these three migration schemes, reverse time migration (T-K) domain significantly improved the imaging condition with complete collapse of diffraction events. This is possible probably due to the reverse time migration (T-K) domain method's ability to image the dipping reflectors associated with faults better than other two techniques. Moreover, fault-planes can be easily drawn in the migrated section for interpretation without any ambiguity, whereas, Gazdag (PS) and PS with turning rays migration methods is not able to image the reflectors properly with presence of significant diffraction noise. 4. In comparison, it is observed that the reverse time migration (T-K) domain took minimum computational time compared to other two migration schemes both for synthetic and field seismic data of the KG basin. 5. Gazdag (PS) and Phase-Shift with turning rays migration methods are based on one-way wave equations consisting of a down going wave field only, whereas the reverse time (T-K) migration considers a two-way wave equation taking account of a total wave field such as a down-going and up-going wave field. Therefore, it can image dips up to and beyond 90 degrees. A speed factor option is provided to speed up computations at the cost of increased dispersion of high frequencies for steeply dipping reflectors. The default value of 1.0 provides the greatest accuracy. As a result, reverse time (T-K) migration is superior in imaging of the tectonic structures as compared with the Gazdag (PS) and Phase-Shift migration schemes. Reverse time (T-K) migration uses an interval velocity in time concept, whereas the other two schemes are based on constant velocity. In addition, vertical variations in velocity are handled very well by this algorithm. This method is relatively fast and fairly comparable in results using Gazdag (PS) and Phase-Shift algorithms.
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